NiTiNb shape memory alloys have attracted much attention in pipe coupling or sealing system because of their large transformation hysteresis upon a proper pre-deformation. In order to clarify the effects of adding Nb on the mechanical properties as well as the transformation behavior of NiTiNb shape memory alloys, Ni 47 Ti 44 Nb 9 and Ni 49.8 Ti 45.2 Nb 5 alloys with different microstructures but with similar martensitic transformation start temperature, are prepared. Comparative studies on the microstructures, mechanical properties and transformation characteristics are conducted by means of scanning electron microscopy (SEM), phase transformation measurements and mechanical property tests. It is found that Ni 47 Ti 44 Nb 9 and Ni 49.8 Ti 45.2 Nb 5 alloys possess similar transformation hysteresis in the as-annealed state. However, the presence of Nb and its status exerts important effects on the mechanical properties, especially the yield strength and the yield behavior of the alloys. Ni 49.8 Ti 45.2 Nb 5 alloy exhibits remarkable increase in the yield strength than the Ni 47 Ti 44 Nb 9 alloy. The transformation hysteresis of both alloys under pre-deformation is characterized and the relative mechanism is discussed.
Introduction 1
In recent years, NiTiNb shape memory alloys, especially the one with nominal composition of Ni 47 Ti 44 Nb 9 , have attracted a lot of attention for their remarkable transformation hysteresis expansion upon a proper predeformation in martensitic state or by stress-induced martensitic transformation [1] [2] [3] [4] [5] [6] [7] . Transformation hysteresis expansion proves to be very useful in engineering applications, such as pipe coupling or sealing, in which the operation could be carried out at the room temperature. In addition to the shape memory effect including pseudo-elasticity, the mechanical properties are very important parameters for the application of shape memory alloys. As is known, the microstructure of Ni 47 Ti 44 Nb 9 is composed of NiTi matrix and a large amount of E-Nb phase. The existence of latter is destined to have significant influences on the shape mem- ory effects and the mechanical properties of Ni 47 Ti 44 Nb 9 alloy. This is because the E-Nb exhibits different features from the NiTi matrix which contributes to the shape memory effect. Previous experimental researches were concentrated on the microstructures dependence of Nb addition in NiTiNb alloys as well as the transformation behaviors before and after predeformation of Ni 47 Ti 44 Nb 9 alloy. Actually, the mechanical mechanism and shape recovery behavior of Ni 47 Ti 44 Nb 9 alloy after the concurrent deformation of both NiTi matrix and E-Nb phases are not clear.
In the present work, a comparative study is carried out on the transformation behavior and mechanical properties of Ni 47 Ti 44 Nb 9 and Ni 49.8 Ti 45.2 Nb 5 alloys which have different microstructures yet similar martensitic transformation start temperatures in an attempt to elucidate the effects of adding Nb on the mechanical properties and transformation behavior of NiTiNb shape memory alloys.
Experimental Procedures
The alloys with nominal compositions of Ni 49. 8 alloy. An MTS-800 mechanical tester was used to record the stress-strain curves. The phase transformation temperatures were taken from the curves of electrical resistance versus temperature. Microstructure observations and the quantitative analysis were conducted using the JXA-8100 electron probe micro analyzer (EPMA). X-ray diffraction (XRD) was carried out on a Regaku D/max 2200pc diffractometer. The reverse martensitic transformation temperature after pre-deformation was determined by heating the samples in an alcohol bath and a water bath from 223 K to 373 K. Piao, et al. [3] , the composition of Nb 9 alloy belongs to the category of alloys that form the typical hypoeutectic microstructure containing primary NiTi matrix and a lot of eutectic NiTi and ȕ-Nb mixture. As shown in Fig.1(a) , apart from a little of Nb-rich phase (marked as B) appearing in the microstructure of Nb 5 alloy, the dominant phase is NiTi matrix (marked as A) with some Nb atoms dissolved inside. This is supported by XRD. In addition, in the microstructures of both Nb 5 and Nb 9 alloys, can be found a few dark particles (marked as C), which are identified as oxides of Ni and Ti, (Ti, Nb) 4 Ni 2 O [8] [9] . The ȕ-Nb phase can be inhibited from growing if increasing Ni/Ti ratio, however, it should be noted that increasing Ni/Ti ratio could result in lowering the martensitic transformation temperature. In order to compare the transformation hysteresis and the mechanical behavior of Nb 5 and Nb 9 alloys, it is nece- It should be noted that before pre-deformation, Nb 9 exhibits wider transformation hysteresis (A s -M s ) than Nb 5 . Considering the difference between their microstructures and the similarity of their matrix composition, the wider of hysteresis of Nb 9 can be attributed to the existence of a large amount of E-Nb phase. With fewer E-Nb phase in Nb 5 alloy, the hysteresis before predeformation is 37 K similar to that of binary NiTi alloys, 20-30 K for example. 
Results and Discussion
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No.5 Fig.3 shows the stress-strain curves of the Nb 5 and Nb 9 alloys at the room temperature. From Fig.3 , it is clear that the yield stress of Nb 5 alloy is higher than that of the Nb 9 alloy. This can be explained in two ways. On the one hand, the presence of larger amount of soft E-Nb phase in Nb 9 alloy would naturally decrease its yield and the fracture strength in comparison with Nb 5 alloy. On the other hand, the enhancement of the yield strength is closely related to the strengthening effects by the solution of Nb. This can explain why both Nb 5 and Nb 9 alloys possess higher yield strength than binary NiTi alloys in austenitic state. It is interesting that obvious yielding of Lüders band type is observed on the stress-strain curve of Nb 9 alloy, although it cannot be disclosed during deformation of Nb 5 alloy. Undoubtedly, this must be associated with the presence of a large amount of ȕ-Nb phase in the Nb 9 alloy. As is already known, shape memory alloys exhibit different yielding behavior when the alloys are in different states, martensitic or austenitic, because alloys could yield by self-orientation of martensite or stress induced martensite [8] . In order to examine the mechanical behavior of Nb 5 and Nb 9 alloys in martensitic state, mechanical characteristics were determined at their M s temperatures, as shown in Fig.4 , from which it is observed that at their M s temperatures the martensite self-orientation induced yield stress of Nb 5 alloy is much higher than that of Nb 9 alloy. From Fig.3 and Fig.4 , it follows that Nb 9 alloy performs better ductility than Nb 5 alloy at the room temperature while at low temperatures, the exact reverse is the case. This suggests that the presence of a large amount of E-Nb phase can improve the ductility of NiTiNb alloys only at the room temperature.
Mechanical properties of Nb 5 and Nb 9 alloys
Effects of deformation on recovery and hysteresis
Concerning the mechanism of enlargement of hysteresis of NiTiNb shape memory alloys by pre-deformation in martensitic state, early investigation attributes the wide hysteresis to the recovery hindered by deformed E-Nb [3] [4] 10] . Some researchers considered that the release of elastic strain energy during pre-deformation postpones the reverse martensitic transformation to occur at higher temperatures, thus leading to expansion of transformation hysteresis [11] [12] [13] [14] [15] . Fig.5 shows the variation of strain recovery ratio and transformation hysteresis as function of the pre-deformation at M s . It is found that both alloys have as good shape memory effect as binary NiTi shape memory alloys. For Nb 5 alloy, if the total strain does not exceed 8%, the strain can be recovered completely after heating to 423 K. In the case of Nb 9 alloy with 8% pre-deformation, very few of residual strain can be observed after heating to 423 K. With the pre-deformation further increased above 8%, the recovery ratio decreases gradually. For example, the recovery ratio of 65% for Nb 5 alloy and 69% for Nb 9 alloy can be achieved with 18% of total pre-deformation. This suggests that in the range of pre-deformation under study, E-Nb phase does not exert substantial influences on the shape recovery of Nb 5 and Nb 9 alloys. Soft E-Nb of NiTiNb alloys in martensitic state can plastically deformed during predeformation. Comparison of the hysteresis curves in Fig.4 indicates that deformation of E-Nb in Nb 9 alloy contributes to the expansion of transformation hysteresis, resulting in a wider hysteresis than that in Nb 5 alloy with the same pre-deformation. However, one can see can still achieve quite wide hysteresis after pre-deformation. This means that deformation of E-Nb might not be the primary mechanism to boost the hysteresis expansion. Though binary NiTi shape memory alloys show hysteresis expansion after pre-deformation in martensitic state, this hysteresis expansion is much weaker than that in NiTiNb alloys with or without large amount of E-Nb in microstructures. Therefore, it can be concluded that pre-deformation induced hysteresis expansion is closely associated with solution of Nb in the matrix. It is reasonable to consider that the solution of Nb in the NiTi matrix can change the kinetics of martensitic or reverse martensitic transformation. More elastic strain energy might be stored due to the solution of Nb. When the alloys are subject to deforming, the elastic strain energy which is the driven force of the reverse martensitic transformation releases during the orientation of martensite variants, resulting in the stabilization of martensite. Therefore, reverse martensitic transformation occurs at higher temperature after the elastic strain energy is released upon deformation.
Conclusions
In the present work, Ni 47 Ti 44 Nb 9 and Ni 49.8 Ti 45.2 Nb 5 shape memory alloys with different microstructures yet similar M s temperature are prepared and studied to elucidate effects of Nb content on their mechanical properties and transformation behavior.
Adding Nb can effectively improve the yield stress of NiTiNb shape memory alloys. Solution of Nb in NiTi matrix is found to play a key role in strengthening NiTiNb alloys.
The presence of Nb either as a E-Nb phase or as a solution can enhance the transformation hysteresis, and the solution of Nb in the NiTi matrix is the primary reason for the hysteresis expansion upon pre-deformation in martensitic state.
